The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing this burden, to Department of Defense, Washington Headquarters Services, Directorate for Information 
INTRODUCTION
Metallic alloys with superior mechanical properties at elevated temperatures and low density remain in high demand for the aerospace industry. For example, the specific core power of a high pressure turbine engine is known to increase with an increase in the turbine rotor inlet temperature and significant turbine engine efficiencies can be achieved by running at higher temperatures [1] . These applications have benefited from decades of development of nickelbased (Ni) superalloys, which have allowed a steady increase in operating temperatures and led to improved performance and efficiency [2] . Currently, Ni-based superalloys have the best combination of required elevated temperature properties, such as creep resistance, temperature capability, environmental resistance, and damage tolerance, among all other known alloys.
However, operating temperatures are reaching the theoretical limits of these materials, whose incipient melting temperatures are in the range of 1440-1540 K, depending on the composition.
Engineering solutions to this materials problem requires active or passive cooling thus increasing parasitic weight and decreasing overall flight efficiency and capability (maneuverability, fuel consumption, etc.) of supersonic/hypersonic vehicles. New metallic materials with higher melting points, such as refractory molybdenum (Mo) and niobium (Nb) alloys, are now being seriously examined as alternatives by academic and industrial groups [3, 4, 5] .
The refractory metals and alloys, a group of metallic materials with melting points above 2123 K, are creep resistant at temperatures above 1073 K. High temperature strength and creep resistance are the key properties of these alloys, since considerable alloy softening generally occurs at temperatures above ~0.5-0.6T m , where T m is the absolute melting temperature. At the same time, poor low-temperature ductility, poor oxidation resistance at high temperatures and high density limit the range of applications of many refractory alloys. In recent publications [6, 7, 8, 9] a new, so called high entropy alloying (HEA) approach initially invented by Yeh et al. [10, 11, 12] , was used to develop new refractory alloys, which contain several principal alloying elements at near equiatomic concentrations. These are Ta 25 [6, 7] and Ta 20 Nb 20 Hf 20 Zr 20 Ti 20 [8, 9] . All three alloys had a single-phase BCC crystal structure.
The two alloys containing W, retained extremely high strength at temperatures at least up to 1873 K; however, they were brittle at room temperature. At the same time, the Ta 20 Nb 20 Hf 20 Zr 20 Ti 20 alloy showed high strength and very good ductility at room temperature [8] , however, the strength of this alloy rapidly decreased to below 100 MPa at temperatures above 1473 K and cavitation occurred during deformation at T ~ 1073 K and strain rates above
10
-3 s -1 [9] . Among these three alloys, the water-cooled copper plate. To achieve homogeneous distribution of elements, the alloy was remelted and flipped five times, and was in a liquid state for about 5 minutes during each melting event. The prepared sample was about 15 mm thick, 35 mm wide and 100 mm long and had shiny surfaces. The actual alloy composition determined with the use of inductively-coupled plasma-optical emission spectroscopy (ICP-OES), is given in Table 1 . The crystal structure was identified with the use of a Rigaku X-ray diffractometer, Cu Kα radiation, and the 2Θ range of 5° to 140°.
To close porosity in the as-solidified alloy, it was hot isostatically pressed (HIPd) under the following conditions. The alloy sample was placed inside a 63 mm diameter alumina can. The alumina can was inserted inside a 75 mm diameter graphite can, which was used as a heating element and located inside the HIP unit chamber. The chamber was evacuated to ~1.3×10 and BCC2 phases, which have different lattice parameters, these phases can be identified by comparing their volume fractions. Indeed, the volume fractions of the light particles, dark particles and the matrix were determined to be ~67%, 17% and 16%, respectively. Comparing these results with the results of X-ray diffraction, one may conclude that the light particles have the BCC1 crystal structure, while the matrix phase has the BCC2 crystal structure. EDS mapping showed that these phases have different concentrations of alloying elements. For example, Figure   3c illustrates that the concentration of Ti is much higher in the BCC2 phase than in the BCC1 phase, while the FCC phase has the lowest concentration of Ti.
Quantitative chemical analysis of these three phases was conducted with the use of an EDS detector attached to the field emission gun SEM. The results are given in It is interesting to note that the inverse pole figure (IPF) maps from the BCC and FCC phases, Additional work is required for studying solid state reactions in this alloy.
Using the rule of mixtures (i.e. Vegard's law [13] ) and known concentrations of the alloying elements in the BCC1 and BCC2 phases, one can calculate the crystal lattice parameter a mix of the respective disordered BCC solid solutions:
Here c i is the atomic fraction of element i and a i is the lattice parameter of the BCC crystal lattice of element i at room temperature. The calculated (Calc) a mix are given in Table 3 along with the experimental (Exp) a values determined from the X-ray diffraction. The calculated and experimental values of a for the BCC1 phase are practically the same; however, the experimental value of a for the BCC2 phase in the HIPd alloy is about 0.5% higher than the respective calculated value. This discrepancy can be due to a large experimental error in determining a from low-intensity X-ray diffraction peaks of the BCC2 phase. The same calculated and experimental values of the lattice parameter suggest that the alloying elements are randomly distributed in the BCC phases.
Density and Micro-Hardness
The density of the alloy in the as-solidified and HIPd conditions was determined to be ρ = 8.02 ± 0.01 g/cm 3 and 8.23 ± 0.01 g/cm 3 , respectively. A 2.6% increase in the alloy density after HIPing is probably due to closing porosity, which is eventually present in the as-solidified material.
Using the densities of pure elements (Table 4 ) and the alloy composition (Table 1) 
Compression Properties and Microstructure of Deformed Alloy

Compression properties
The engineering stress, σ, vs. engineering strain, ε curves of the NbCrMo 0.5 Ta 0.5 TiZr alloy obtained during compression testing at different temperatures are shown in Figure 4 . The yield strength values, σ 0.2 , at ε p = 0.2%, where ε p is the engineering plastic strain, peaks strength, σ p , and fracture strain are given in Table 6 . During deformation at 296 K, the yield strength was 
Microstructure of deformed samples
Typical microstructure features of the fracture surface of the alloy sample deformed at room temperature are shown in Figure 5 . A mixture of ductile and brittle fracture can be seen at low magnification in Figure 5a The brittle nature of the Laves phase also led to low ductility at 1073 K. Fracture at this temperature occurred along the boundaries between the BCC2 and Laves phases, Figure 6 (a-d);
however, few cracks propagated inside the large BCC1 particles can also be seen in Figure 6a and Figure 6b . Fine (secondary) BCC1 particles precipitated near the original (primary) large BCC1 particles inside the BCC2 phase are seen in Figure 6d . Their size rapidly decreases with an increase in the distance from the primary BCC1 particle, which the small particles are associated with. It is likely that the solubility of Nb, Mo and Ta in the BCC2 phase is considerably higher at 1073 K than at room temperature and the heavy elements start to diffuse from the primary BCC1 particle into the adjacent BCC2 matrix leading to partial dissolution of the BCC1 phase. The concentration of Nb, Mo and Ta is thus the highest near the primary particle interface and exponentially decreases with an increase in the distance from the interface.
Upon cooling after testing, re-precipitation of the BCC1 phase occurs. Due to a strong temperature dependence of the solubility, the precipitation in the regions with higher concentration of the elements occurs at higher temperatures. This leads to formation of larger secondary particles near the primary BCC1 particles and smaller particles at larger distances.
Knowing the width of the region, l, where the precipitation occurred (l ~ 6 µm) and the time of the specimen holding at 1073 K (t ~ 1800 s) the effective diffusion coefficient, D eff , of these elements in the BCC2 phase during compression at 1073 K can be estimated as D eff = l 2 /(2t) ≈ 10 -8 cm 2 /s. This estimated value is about 3 orders of magnitude higher than the reported diffusion coefficient of Nb at the same temperature in BCC Zr-Nb alloys [15] and more than 8 orders of magnitude higher than the reported self-diffusion coefficient of Nb [16] . However, the diffusivity of elements is known to considerably increase during plastic deformation [17] .
A representative microstructure of the HIPd alloy after 50% compression at 1273 K is shown in These aligned chains of fine particle are likely associated with the direction of the local shear propagation. A round primary BCC1 particle sheared at about 40 degrees to the compression direction is also seen in Figure 7a , and it is shown in Figure 7c at a higher magnification. On the opposite sides of this particle there are two tails of fine particles, which are oriented in the same, ~40-degree direction. These observations indicate that the local plastic flow changes orientation in the deformed alloy sample within ~100 µm scale. They also indicate that the fine secondary BCC1 particles or were already present in the alloy during deformation, or the regions of the BCC2 matrix, which were adjacent to the large BCC1 particles and enriched with Nb, Mo and Ta were heavily deformed and moved away from the particle interfaces at 1273 K, but the fine particles were formed inside these regions during cooling due to the temperature-dependent solubility. Additional work is required to identify the correct scenario of formation of the aligned chains of fine BCC1 particles. Fine, nanometer-size precipitates of the Laves phase are observed inside the primary BCC1 particles, Figure 7d . These precipitates are coarser at grain boundaries and accompany with the formation of fine particles of the BCC2 phase, Figure 7d .
To separate two effects, temperature and deformation, on the microstructure evolution, the microstructure of an un-loaded sample, which was heated to 1273 K, held at this temperature and cooled down to room temperature identically to the deformed sample, was studied. The microstructure of this sample is given in Figure 8 . particles is observed inside the primary BCC1 particles; however, almost all these particles precipitate at grain/subgrain boundaries and they are much finer that similar particles in the deformed sample. This comparison of the microstructure of the deformed and un-deformed sample supports our suggestion that the deformation accelerates diffusion-related processes, such as phase transformations and particle coarsening. However, while at 1273 K these tails consist of fine separated secondary BCC1 particles embedded in the BCC2 phase, at 1473 K the tails consist of joined, larger size (~2-3 µm)
particles (see Figure 9c) . Deformation of the BCC2 matrix results in recrystallization and formation of equiaxed grains, Figure 9d . At the same time, the FCC (Laves) particles embedded in the BCC2 matrix remain practically non-deformed. Twins, observed inside these particles, are probably annealing twins as they are also observed in non-deformed samples. Fine precipitates observed inside the primary BCC1 particles become clearly visible due to coarsening. These precipitates decorate grain boundaries, but they are also present inside the grains (see Figure 9b ).
The EBSD analysis indicates that these precipitates are the Laves phase with the FCC crystal structure ( Figure 10 ).
CONCLUSIONS
A new refractory alloy, NbCrMo 0.5 Ta 
